ABSTRACT: Tethered films of polystyrene-block-poly(methyl methacrylate) copolymers of varying composition and molecular weight were investigated using atomic force microscopy and the observed structures compared with theoretical predictions. Although the experimental results were in qualitative agreement with the theory, there was significant quantitative variation. This was attributed to the presence of solvent in the films prior to and during annealing, a hypothesis supported by new preliminary calculations reported here. Solvent exchange experiments (where a good solvent for both polymer blocks was gradually replaced by a selective solvent), were also performed on the films. This procedure generated textured films in which the structure was defined by miscibility of the polymer blocks with the second solvent.
Introduction
In both experimental and theoretical studies, it has been shown that diblock copolymers have rich phase behavior in the bulk, [1] [2] [3] with the phase that is formed being determined by the molecular weight of the polymer (M n ) (degree of polymerization, N), the composition of the polymer (f ) and the Flory-Huggins interaction parameter (χ). Moreover, when cast as thin films these polymers may present a surface with defined chemical patterning. 1 Such films have been used to selectively bind proteins to the surface and many other applications, including nanolithographic patterning and membrane filtration, have been proposed. [4] [5] [6] [7] Films of block copolymers grafted to the surface have received relatively less attention. 8, 9 Grafting of the polymer chain offers several advantages over untethered films, including greater resistance to abrasion and prevention of dewetting. However, in reducing the degrees of freedom available to the polymer chains the grafting process also has a significant impact on the phase behavior of the polymer.
In a recent publication by Matsen and Griffiths self-consistent field theory (SCFT) calculations were used to determine the equilibrium phase behavior of tethered copolymer films. 10 In total only four phases are predicted to form: uniform, hexagonal, stripe and inverse hexagonal ( Figure 1 ).
As with bulk systems the phase behavior is dependent on χ, N, and f; however for the tethered systems, it is also necessary to consider the grafting density of the polymer (σ) and the difference in the surface affinity of two blocks (Λ) 10 
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ðγ B -γ A Þv k B TR 0 where γ A and γ B are the surface tensions of the upper and lower block respectively, k B is Boltzmann's constant, T is the temperature, v is the monomer volume, and R 0 is the unperturbed mean free end-to-end length of the polymer. The presence of these additional parameters increases the complexity of the phase space, complicating the determination of a generic phase diagram for grafted diblock films. Figure 2 shows the phase diagram for one specific system. In line with convention the combined (molecular weight independent) parameters χN, ΛN and L/aN 1/2 are used, where L is the film thickness, which is proportional to σ, and a is the statistical segment length of the polymer (where aN 1/2 is equal to R 0 ). As was noted by Matsen and Griffiths, 10 the phase diagrams of tethered films are qualitatively similar to those of the bulk system. 2 The most prominent differences are the shift of the nonuniform phases to low untethered block compositions (generally f < 0.5), an increase in the χN value of the critical point, and a pronounced dependence on both L/aN 1/2 and ΛN.
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As the grafting density increases, the area occupied by nonuniform phases in the phase diagram decreases and the phase boundaries shift. Having an upper block with a higher surface tension than the lower grafted block (yielding a negative ΛN) expands the area occupied by the nonuniform phases. The phase diagrams reported by Matsen and Griffiths represent systems with moderate grafting densities and, as such, are the most appropriate for the grafting-to method used to prepare the polymer films in this study.
Importantly these phase diagrams are the first published for tethered diblock copolymer films. They are built on the model that has been used to generate the well-known phase diagram for bulk copolymer systems produced by Matsen and Bates, 2 and as such represent the thermodynamic equilibrium phase behavior for these films. In performing this study we have aimed to verify and inform this theoretical work with experimental data. This was done by examining the phase behavior of a number of polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) films tethered to surfaces. In the first instance hydroxyl-terminated polymers were attached to bare silicon wafers, while in the second thiol-terminated polymers were attached to gold-coated silicon wafers. The phase behavior was examined with atomic force microscopy (AFM) and we have compared the observed results with the model systems. Where differences are observed we attribute these to the presence of solvent in the film, which new preliminary calculations show has a significant impact on the phase behavior.
In a second series of experiments, we examine the structures formed when the environment around the films is gradually changed from one where the solvent is a good solvent for both blocks to one where it is selective for one block, (referred to here as solvent exchange), in the vein of the work by Zhao, Brittain, and co-workers.
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Experimental Section
The thiol-terminated PMMA-b-PS-SH polymers were synthesized by RAFT polymerization as previously described, [13] [14] [15] [16] while the hydroxyl-terminated, polystyrene-deuterated polymers, dPS-b-PMMA-OH were purchased from Polymer Standards Service (Mainz, Germany). All remaining chemicals were purchased from Aldrich or Fisher, were of AR grade or better, and were used without further purification.
Polished silicon wafers were obtained from Prolog Semicor Ltd. (Ukraine). These were cleaned with a Piranha solution (70% H 2 SO 4 , 30% H 2 O 2 ) at 100°C for 1 h, washed with water and ethanol then dried under vacuum at 70°C. (Caution! Piranha solution can react violently with organic compounds.) Some wafers were sputter-coated with a ∼30 nm thick layer of gold.
dPS-b-PMMA-OH films were prepared by spin-coating 2 wt % solutions in toluene at 2000 rpm onto cleaned silicon wafers. Similarly PMMA-b-PS-SH films were prepared using 5 wt % solutions at 1000 rpm on gold-coated wafers.
The dPS-b-PMMA-OH films were annealed at 180°C for 25 or 161 h under vacuum then the excess polymer was removed by sonication in neat toluene (2 Â 15 min) and the wafers dried under a stream of N 2 . The PMMA-b-PS-SH films were exposed to a saturated vapor of THF for 256 h (so-called solvent annealing) then soaked (with occasional gentle agitation) in neat toluene overnight, rinsed to remove the excess polymer and dried under a stream of N 2 .
Following initial annealing and washing the samples were treated in one of three ways:
Thermal Annealing. Some of the dPS-b-PMMA-OH films were annealed at 180°C under vacuum for a further 6 h.
Solvent Annealing. Likewise a number of PMMA-b-PS-SH films were exposed to toluene vapor for 48 h.
Solvent Exchange. The remaining films were immersed in THF (dPS-b-PMMA-OH) or toluene (PMMA-b-PS-SH), both good solvents for the two polymers, then cyclohexane or acetone was added dropwise until the added solvent constituted 75% of the volume. The wafers were removed and dried under a stream of N 2 . A number of the dPS-b-PMMA-OH films treated this way were subsequently thermally annealed at 180°C under vacuum for 3 h.
AFM images were collected with a Veeco Explorer with a 2 μm scanner in noncontact mode. AFM tips (Veeco) with k = 20-80 N/m and f 0 = 130-320 kHz were used with a set-point ratio of 50-60%.
SEM images were collected with a FEI Quanta FEG 600 Environmental SEM in high vacuum mode.
Ellipsometry measurements were performed at the University of Surrey, U.K., on a J.A Woollam ellipsometer. The thin films were modeled as a single layer, however due to their small thicknesses the values of the Cauchy coefficients were fixed at A = 1.52 and B = 0.001.
Results and Discussion
The primary means of accessing different phases in the phase diagram of a given block copolymer system is to vary the composition. For tethered block copolymers it has been shown theoretically that the nonuniform phases are skewed toward diblock compositions where the upper, untethered block is smaller than the tethered block, i.e., f < 0.5. 10 In this study we have examined nine polymers, seven of which have f < 0.5. The specific parameters of the polymers examined are given in Table 1 ; the subscripts in each polymer designation give the approximate molecular weight (in kg/mol) of each block.
A notable result in Table 1 is the magnitude of the polymeric ΛN values relative to the value used in one of the models (ΛN = -0.15) calculated by Matsen and Griffiths. 10 This model value is equivalent to a surface tension difference (Δγ) between the two blocks of ∼0.12 mN/m (calculation shown in Supporting Information), as opposed to Δγ = 1.0 for the PS-PMMA system (γ PS = 40.2 mN/m and γ PMMA = 41.2 mN/m). 17 It is therefore apparent that this parameter, and hence the calculated phase diagram, is highly sensitive to the surface tensions of the two polymers blocks.
Regarding the other values in Table 1 , it should be noted that the polydispersity of block B makes a greater contribution to the total polydispersity due to the method of manufacture of both types of polymer. The values of χ, 18, 19 and R 0 , 20 were calculated from literature values.
Spin-coating was used to deposit the polymers onto the substrate surfaces and this generated films ∼70 nm thick for the dPS-b-PMMA-OH samples, and ∼400 nm thick for the PMMA-b-PS-SH samples. These films were either thermally or solvent annealed to produce the tethered polymer films, with the untethered polymer being washed off following this first annealing process. To induce phase separation the tethered films were annealed a second time. For the dPS-PMMA-OH films this second thermal annealing step is expected to drive off any residual solvent during the annealing process, while for the PMMA-PS-SH films the solvent was left to evaporate away under ambient conditions at the end of the second solvent annealing step. The film thicknesses of the washed dPS-b-PMMA-OH and PMMA-b-PS-SH samples, as measured by ellipsometry or AFM line scans (Supporting Information), are presented in Table 2 .
Also listed in Table 2 are the calculated values of L/aN 1/2 and σ, which were determined using known values for the monomer volumes of PS and PMMA. 21 A notable result evident in Table 2 is the different grafting densities of the films. This can be explained by the preference of the silicon oxide surface to be wetted by PMMA rather than dPS; if only the PMMA segments are in contact with the surface then the probability of the end-group being in contact (and reacting) with the surface will be inversely proportional to the size of the PMMA block and independent of M n . The grafting densities should thus increase in the order dPS 62 PMMA 69 OH > dPS 13 PMMA 100 OH > dPS 33 PMMA 122 OH > dPS 47 PMMA 135 OH, a trend that was generally observed here.
Annealing time did not appear to have a strong influence on the grafting density; the dPS-b-PMMA-OH films reported in this paper were annealed for either 25 or 161 h with no apparent trend in the grafting densities.
Samples Following the First Annealing
Step. AFM images of the annealed films were taken prior to removal of the excess, untethered polymer, with Figure 3 showing the results for the dPS 62 PMMA 69 OH film (the other results are given in Figure 2 of the Supporting Information). These images showed a transition from a disordered phase (dPS 13 PMMA 100 OH), to increasingly long and thin stripes of PMMA in a matrix of PS as the fraction of PS increases. (Note for all the AFM phase images PMMA appears as the brighter phase. [22] [23] [24] ) The phase diagram reported for diblock copolymers in the bulk predicts that dPS 13 PMMA 100 OH will be disordered, both dPS 33 PMMA 122 OH and dPS 47 PMMA 135 OH will form a cylindrical phase, and dPS 62 PMMA 69 OH will form a lamellar phase.
2 This is consistent with the AFM results reported here. For the dPS 33 PMMA 122 OH, dPS 47 PMMA 135 OH and dPS 62 PMMA 69 OH films it was possible to determine (by doing a fast Fourier transform (FFT) of the phase images), lateral domain spacings of 70 nm, 69 and 58 nm, respectively. These values are roughly twice the R 0 values given for these polymers in Table 1 , indicating lateral stretching of the chains.
As has been noted previously, 23, 25, 26 the topographic and phase images generated by AFM are not decoupled from each other. It is therefore common to see artificial height variations in the topographic images that are due to changes in the mechanical properties of the underlying polymer (as measured by phase imaging). Equally, pronounced changes in the height may impact upon the phase image. In Figure 3 it is probable therefore that the low ridges (∼2 nm high and ∼25 nm wide) observed in the topographic image that correspond to the stripes in the phase image represent artificial height changes, while the two broad (∼300 nm wide) stripes represent true height variations across the sample.
Samples Following Washing and the Second Annealing Step. Following the second thermal annealing step on the dPS-b-PMMA-OH films there is a noticeable change in the nature of the phases present ( Figure 4) . Rather than the bulk phases observed in the thicker films these films present both the normal hexagonal phase (dPS 33 PMMA 122 OH and dPS 47 PMMA 135 OH), and the inverted hexagonal phase (dPS 62 PMMA 69 OH) of the tethered polymer system. The dPS 13 PMMA 100 OH film again presented a disordered/ uniform structure -in tethered films there is no distinction between the uniform and disordered phases.
The lack of long-range order in the phase-separated films is unsurprising as the nonequilibrium effects inherent to block copolymer systems are likely to be further exacerbated for tethered copolymers. 10 This has been highlighted by single-chain in mean-field calculations of the related system of a tethered diblock copolymer swollen with solvent. 9 The presence of the disordered, hexagonal and inverse hexagonal morphologies is qualitatively consistent with the theoretical model, however a number of the films display a different phase to that expected. 10 In particular, with reference to the phase diagram published by Matsen and Griffiths at L/aN 1/2 = 0.6 and ΛN = 0, 10 it was expected that the dPS 62 PMMA 69 OH film would present a uniform structure instead of the observed inverse hexagonal structure. This variance is magnified by the fact that the comparison does not take into account the very large ΛN value for the dPS 62 PMMA 69 OH film (Table 1) , which is expected to shrink the range over which nonuniform phases are observed. Indeed, though no specific calculations have been performed, it is possible that large positive ΛN values will prevent the formation of any nonuniform phases as the relatively low surface tension of the upper block would be likely to dominate the free energy.
It is apparent therefore that there is a significant variable that needs to be included to reconcile the observed variation between the experimental and theoretical results. We believe that this is related to the presence of trapped solvent in the film, as is discussed later in the text.
FFT analysis performed on the AFM images of dPS 33 -PMMA 122 OH, dPS 47 PMMA 135 OH, and dPS 62 PMMA 69 OH shown in Figure 4 , generated periodicity values of 40, 45, and 51 nm, respectively. These periodicity values are smaller than those determined for the as-cast films (Figure 2) , which is consistent with the asymmetric profile of the films normal to the substrate and subsequently provides indirect evidence for pseudo-2D microphase separation.
In the theoretical model it was also determined that increasing the grafting density will shift the onset of nonuniform phases to higher χN (or molecular weight for a given diblock system), and alter the points at which the phase transitions occur. 10 This effect was observed in a third section of the dPS 47 PMMA 135 OH film ( Figure 5) , which shows the coexistence of hexagonal-type and stripe-type features. Equally, the coexistence of inverted hexagonal-type and stripe-type features was observed in the dPS 62 PMMA 69 OH sample.
For high grafting densities it is predicted that the minimum molecular weight (or more specifically χN) at which nonuniform phases are allowed increases. 10 Such a state was not observed in these films, however it was previously observed in PMMA-b-PS films prepared via a grafting-to method, which had a grafting density of 0.34 nm -2 .
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Samples Following Solvent Annealing. As is shown in Table 1 , five PMMA-b-PS-SH polymers were tethered to gold-coated substrates via thiol-gold bonds and treated with a solvent annealing procedure. Because of the method of preparation the gold films were not entirely flat ( Figure 6) and showed height variations (of several nanometers) over small scales and isolated crevasses over larger scales.
This texturing is largely absent from the annealed polymer films (Figure 7) , which is consistent with the polymer film minimizing the surface energy upon drying of the solvent. The ability of diblock copolymers to smooth out topographic defects of the substrate has previously been reported. 27, 28 Equally, Sivaniah et al. demonstrated that the phase-separated structures of free-standing block copolymer films can be affected by the roughness of the substrate and it is therefore likely that the substrate roughness will have an effect on the structure of the tethered films reported here. 27 The PMMA 28 As with the dPS-b-PMMA-OH samples some of the PMMA-b-PS-SH samples also display morphologies which differ from those expected (for ΛN = 0). In particular, the PMMA 52 PS 108 SH sample, which has a L/aN 1/2 value of 0.51, displays a hexagonal phase rather than stripe phase that would be expected from the L/aN 1/2 = 0.5, ΛN = 0 phase diagram in Figure 2 .
Relative to the dPS-b-PMMA-OH samples at low composition the PMMA-b-PS-SH samples showed similar phase behavior; both the PMMA 28 PS 101 SH and dPS 33 -PMMA 122 OH films, where the polymers have very similar grafting densities, compositions and size, formed the hexagonal phase. However at higher compositions there was notable variance: the dPS 47 PMMA 135 OH film ( f = 0.24) formed the inverse hexagonal phase, while the PMMA 42 PS 84 SH film ( f = 0.34) formed the hexagonal phase.
As was stated above the substrate used for the PMMA-PS-SH films showed some topographic variation over scales commensurate with the periodicity of the phase-separated structure, but this was not dramatically large and we considered it unlikely to be the sole cause of the variation between the PMMA-PS-SH and dPS-PMMA-OH films. Equally, although the large, negative values of ΛN for the PMMA-PS-SH films were expected to expand the range over which the nonuniform phases were observed, the results for the dPS-PMMA-OH films showed that ΛN could not account for the observed changes either.
The only significant difference between the two films was the annealing process; the PMMA-PS-SH films were annealed in a solvent atmosphere and so would have had substantial amounts of solvent incorporated into the films during annealing. The principle difficulty with attributing the observed changes to the presence of solvent was that the dPS-PMMA-OH films, which should have no solvent in the film post annealing, also Figure 6 . SEM image of a sputter-coated gold surface.
showed substantial divergence from the theoretical model. The resolution of this apparent paradox is discussed below. The poorly defined ordering in the PMMA 72 PS 62 SH sample may be a sign of the very low grafting density of this film, the lowest of all the films examined. This could allow for interactions between the upper (PMMA) block and the substrate (an interaction not included in the theoretical model), which in turn could significantly disrupt the expected phase separation behavior.
Again there is a strong correlation between the domain spacing and the size of the upper block. FFT analysis of the AFM images yielded periodicity values of 34 nm for PMMA 28 The Influence of Solvent. In observing the prominent disagreements between the experimental and theoretical results, and the low order of the phase-separated films it became apparent that the initial state of the film may have a significant effect on the structure of the film. In particular, based on the comparison of the dPS-PMMA-OH and PMMA-PS-SH results, the presence of residual solvent in films post washing was hypothesized to have a significant effect. Reports in the literature have noted that both the content of solvent in very thin films is relatively high 29 and that the solvent can influence phase behavior. 30 To test this hypothesis, a single SCFT calculation was performed on a tethered diblock copolymer system (L/aN 1/2 = 0.45) in the presence of solvent. This model used effectively the same method as previously reported, 10 but differed from the previous model in that two additional interaction parameters (between each of the two polymer blocks and the solvent) replaced the surface tension term ΛN, i.e. the upper surface is now modeled as a film/solvent rather than a film/ vacuum surface. The parameters chosen for this model were χ AB N = 50, χ AS N = 150, χ BS N = 100, where A denotes the upper block, B the lower (grafted) block, and S the solvent. The latter two were loosely based on the calculated solubility parameters of toluene with dPS and PMMA. Figure 8 shows the free-energy verses composition plot for this model. Most notably the phase boundaries for this system are significantly shifted relative to those reported in Figure 2 , with the phase boundaries being: disordered (uniform)/hexagonal: f = 0.12; hexagonal/stripe: f = 0.31; stripe/inverse hexagonal: f = 0.33; and inverse hexagonal/ uniform: f = 0.79. These phase boundaries are much more consistent with the results observed for the dPS-PMMA-OH and PMMA-PS-SH films and strongly suggest that this is the cause of the variance observed. The stripe phase also has a relatively small compositional range and its free energy is not significantly different from the two hexagonaltype phases, suggesting that this may be difficult to isolate experimentally. In the experimental systems, the films do not show significant microphase separation after washing and subsequently further annealing is required. For the PMMA-PS-SH, it is easy to see that the solvent content of the films remain high throughout the annealing process, leading to the observed variation between these films and the previously published "dry" film model. For the dPS-PMMA-OH films the situation is somewhat more complex as it is expected that the solvent will be driven off during the annealing process. Notably though, the presence of residual solvent is expected to both lower the glass transition temperature of each polymer block and enhance chain mobility. 29 For the dPS-PMMA-OH films, we propose that at the start of the second thermal annealing process, when there is still solvent in the film, the film phase separates in accordance with the solvent-included phase diagram. After a period of time the solvent is removed from the film by the high temperature and low pressure conditions inside the oven. This reduces the mobility of the polymer chains, making reorganization of the polymer slower and effectively leaves the film in a kinetically trapped, nonequilibrium state. The observed phases will therefore be closely related to the solvent-included phases predicted above, though no solvent will be present in the film.
Formation of the "dry"-state phases is conceivably possible, but very long annealing times are likely to be required to achieve this. Alternatively, the use of highly volatile neutral solvents, for instance supercritical CO 2 , 31 in the washing process may facilitate the formation of the "dry" phases.
Given the success of these initial solvent-included SCFT calculations, we shall be expanding this work and a more complete model will be published in the future.
Samples Treated by Solvent Exchange. Along with the thermal annealing experiments various dPS-b-PMMA-OH and PMMA-b-PS-SH samples were treated by a solvent exchange process using cyclohexane (selective for PS) or acetone (selective for PMMA). 32 These experiments are similar to those performed by Zhao et al. 11, 12 and Usov et al. 32 but differ in that these films were prepared using the graftingto rather than grafting-from technique; subsequently, the films reported here are thinner and have lower grafting-densities than those previously reported. AFM images (Figure 9 ) of the dPS-b-PMMA-OH samples treated with acetone (Supporting Information), showed strong texturing of the polymer film in line with observations by Zhao et al. 12 This texturing of the surface is attributed to the precipitation of small aggregates of the upper block (dPS), while the lower block (PMMA), remains solubilized. 11 Upon drying of the films in air, the solvated block will subsequently collapse around the already precipitated upper block, leading to the observed structures.
As with the phase separation behavior examined above the size of these aggregates will be limited by the grafting density of the polymer. Notably, as is shown by the dPS 47 PMMA 135 OH and dPS 62 PMMA 69 OH samples, where the former has a smaller dPS block but a much larger PMMA block, the size of the upper block has an apparently greater influence on the size of the aggregates. The average radii of the aggregates were calculated by particle analysis to be: dPS 13 Along with this lateral size increase the height of the particles also increases significantly with increasing f, with the average aggregate heights being 7.2, 11.1, 12.9, and 15.4 nm, respectively. These are approximately equal to the presolvent exchange height as measured by ellipsometry (Table 3) , however as the volume of the film must be conserved this implies that there is a contiguous layer of polymer underlying the particles that is not imaged by AFM. Unfortunately, due to the roughness of the textured films it is not possible to get an accurate estimate of the average film thickness using ellipsometry or other techniques.
In an attempt to verify the structure of the aggregates, phase images of the above samples were collected along with the topographic images (Supporting Information). Unfortunately these phase images show noticeable shadowing effects from the pronounced topographic features and so no definite conclusions could be drawn.
Solvent exchange experiments (using cyclohexane) were also performed with the PMMA-b-PS-SH films listed in Table 2 (annealed morphologies shown in Figure 7) . Some of these films showed texturing ( Figure 10 and Supporting Information), which was similar to the texturing observed with the dPS-b-PMMA-OH films shown in Figure 9 . However, as with the solvent annealed films, it appears that the underlying roughness of the gold layer has as impact on the behavior of the films with the aggregates in the PMMA-b-PS-SH films displaying much greater variation in size in a Figure 9 . AFM topographic images of (a) dPS 13 given image than those observed in the dPS-b-PMMA-OH films.
The complementary experiments to those described above were performed on various dPS-b-PMMA-OH samples using cyclohexane (Figure 11 ). For these films, as f increases there is a progressive shift from a nearly homogeneous layer to an arrangement of largely hemispherical aggregates, while FFT analysis of the images gave periodicities of 42 nm for dPS 13 We believe that this structure variation with f is caused by the increased asymmetry of the system when it has a solvated upper block and an unsolvated lower block. In the bulk state, it is well-known that increasing the asymmetry of the diblock copolymer leads to an increase in the curvature of the interface between the phase-separated structures. 33 For grafted systems, the picture is somewhat more complex and the tension induced by increasing the asymmetry of the system in favor of the upper block (for instance by swelling with solvent) may be partially relieved through extension of the solvated chain away from the substrate. However, if the asymmetry is sufficiently large, the entropic cost associated with this extension will become large enough that curvature of the interface will also occur.
We propose therefore that the near-homogeneous topography observed in the dPS 13 PMMA 100 OH film occurs because the short dPS block in this polymer can extend relatively easily and therefore significant curvature of the interface is not required. Conversely, for the dPS 62 PMMA 69 OH film, chain extension of the large dPS block is entropically less favorable, and subsequently the interface has greater curvature leading to the observed hemispherical aggregates.
Following drying of the film, the upper solvated layer would collapse largely evenly onto the already precipitated lower block, thereby preserving the underlying structure through the whole film. Again the phase images (Supporting Information) of these samples give no strong indication of the location of the different polymer species in the film and so this hypothesis cannot be confirmed.
For both the cyclohexane and acetone exchanged dPS-b-PMMA-OH films the structures formed were not thermally stable and subsequently were destroyed by a short period of annealing at 180°C (Supporting Information).
Conclusions
In this study, the microphase separation behavior of tethered diblock copolymer films was examined and the results compared with recent theoretical calculations in an attempt to validate them. In qualitative agreement with the theory, it was observed that the phase present in the films changed from disordered/ uniform, to hexagonal, to inverse hexagonal and finally to uniform again as the fraction of the upper block increased. The fourth predicted phase, the stripe phase, was also observed in small areas in some of the samples.
Quantitatively however the results were markedly different from those produced in the published phase diagram for dry brushes and it was hypothesized that the observed phase behavior was influenced by residual solvent in the films prior to and during the second annealing process. This was supported by new, preliminary calculations on the tethered block copolymer system with included solvent, which generated phase boundaries much more consistent with the experimental results. For the films treated with a thermal annealing process it was proposed that the films initially phase-separate into to their solvent-included phases and that, upon evaporation of the solvent, the films become kinetically trapped, thereby preserving the symmetry and domain size of the solvent-included phase structures. A more detailed study of the solvent-included phase diagrams will be the subject of future work.
Under solvent exchange conditions the dPS-b-PMMA-OH films showed strong aggregation consistent with previous work. Using PMMA-selective acetone, hemispherical structures were observed (with the size again being dependent on the size of the upper block), while with dPS-selective cyclohexane the shape of the aggregates was dependent on the polymer composition. Figure 11 . AFM topographic images of (a) dPS 13 
